The metabolic clearance rate (MCR) and blood production rate (BP) of testosterone (T) and dihydrotestosterone (DHT), the conversion of plasma testosterone to plasma dihydrotestosterone, and the renal clearance of androstenedione, testosterone, and dihydrotestosterone have been studied in man. In eight normal men, the MCR T (516±108 [SD] liters/m 2 /day) was significantly greater than the MCR DHT (391±71 [SD] liters/m 2 /day). In seven females, the MCR T (304±53 [SD] liters/m 2 /day) was also greater than the MCR DHT (209±45 [SD] liters/m 2 /day) and both values were less than their respective values in men (P < 0.001). In men the conversion of testosterone into dihydrotestosterone at 2.8±0.3% (SD) was greater than that found in females, 1.56±0.5% (SD) (P < 0.001). In five pregnant females the MCR T (192±36 [SD] liters/m 2 /day), the MCR DHT (89±30 [SD] liters/m 2 /day) and the conversion of testosterone into dihydrotestosterone (0.72±0.15%) (SD) were significantly less than the values found in nonpregnant women. In five females with hyperthyroidism, the MCR for testosterone and dihydrotestosterone were similar to those observed in pregnant females, but the conversion of testosterone into dihydrotestosterone (2.78±1.7%) (SD) was greater, and similar to that found in men. In men the production of dihydrotestosterone was 0.39±0.1 (SD) mg/day, 50% being derived from the transformation of plasma testosterone. In women the production of DHT was 0.05±0.028 (SD) mg/day, only 10% coming from testosterone. During pregnancy, the production of testosterone […] [SD] liters/ m2/day) and both values were less than their respective values in men (P <0.001). In men the conversion of testosterone into dihydrotestosterone at 2.8±0.3% (SD) was greater than that found in females, 1.56±0.5% (SD) (P < 0.001). In five pregnant females the MCRT (192± 36 [SD] liters/m/day), the MCRDHT (89±30 [SD] liters/ m'/day) and the conversion of testosterone into dihydrotestosterone (0.72±0.15%) (SD) were significantly less than the values found in nonpregnant women. In five females with hyperthyroidism, the MCR for testosterone and dihydrotestosterone were similar to those observed in pregnant females, but the conversion of testosterone into dihydrotestosterone (2.78±1.7%) (SD) was greater, and similar to that found in men. In men the production of dihydrotestosterone was 0.39±0.1 (SD) mg/day, 50% being derived from the transformation of plasma testosterone. In women the production of DHT was 0.05± 0.028 (SD) mg/day, only 10% coming from testosterone. During pregnancy, the production of testosterone and dihydrotestosterone are similar to that in normal women. In three patients with testicular feminization syndrome A preliminary report of this work was presented at the 52nd Meeting of the Endocrine Society, June 1970.
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Received for publication 24 August 1971 and in revised form 20 December 1971. (an adult with hyperthyroidism and two children) these two MCRs were greatly reduced compared to the normal females, but the conversion of testosterone into dihydrotestosterone was in the limits of normal male range
In the normal subjects the renal clearance of androstenedione was greater than that of testosterone and dihydrotestosterone. Less than 20% of the dihydrotestosterone and less than 10% of the androstenedione in the urine is derived from the plasma dihydrotestosterone and androstenedione.
INTRODUCTION
During the past few years increased attention has been focused on dihydrotestosterone (DHT)1 as the result of the discovery that testosterone (T) is converted mainly into dihydrotestosterone at the site of its target tissues (1) (2) and the fact that part of the biological actions of testosterone could be produced by dihydrotestosterone (3). More recently, it has been shown that the plasma concentration of dihydrotestosterone is higher in males than in females, and in both sexes its concentration is far lower than testosterone (4) (5) (6) . At present our knowledge of production, origin and metabolism of dihydrotestosterone is small. This paper presents a study of the metabolic clearance rate (MCR) of dihydrotestosterone, the conversion of testosterone into dihydrotestosterone, and the production 1 Trivial names and abbreviations used in this paper: androstenedione (A), 4-androstene-3,17-dione; BP, blood production rate; dehydroepiandrosterone (DHA), 3 85-hydroxy-5-androstene-17-one; dihydrotestosterone (DHT), 5 a-androstan-17 fi-ol-3-one; MCR, metabolic clearance rate;
TeBG, testosterone-estradiol binding protein; testosterone (T), 17 fi-hydroxy-4-androstene-3-one; TLC, thin-layer chromatography.
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The journal of Clinical Investigation Volume 51 1972 of dihydrotestosterone in normal subjects and during pregnancy. The majority of these parameters were also measured in five women with hyperthyroidism and in three cases of testicular feminization syndrome. The renal clearances of androstenedione, testosterone, and dihydrotestosterone were measured in normal subjects of both sexes. METHODS Subjects 15 normal persons, eight men (subjects 1-8) and seven women (subjects 9-15), aged 22-36 yr were studied. Five women were studied during the first trimester of pregnancy (8-11 wk) on the day of a therapeutic abortion for medicosocial reasons (subjects [16] [17] [18] [19] [20] . Five females with hyperthyroidism (subjects [21] [22] [23] [24] [25] were studied before giving any treatment. Three patients with a testicular feminization syndrome were studied. The first (subject 26), was 60 yr old and had developed hyperthyroidism 10 months previously. The other two were children aged 4 and 1 yr; one of them (subject 28) had been studied under basal conditions (first study) and 15 days after treatment with diethylstilbestrol, 2.5 mg/day.
Steroids
Testosterone-4-14C (SA 50 mCi/mmole), dihydrotestosterone-4-14C (SA 50 mCi/mmole), androstenedione-1,2-8H (SA 42 Ci/mmole) (A), and dihydrotestosterone-1,2-8H (SA 30 Ci/mmole) were obtained from CEA Saclay, France. All these compounds were purified by paper chromatography using systemA (seebelow) before each infusion.
With the exception of the dihydrotestosterone-1,2-3H, the purity was over 98%. The first lot (No. 568-569) of the dihydrotestosterone was more than 98% pure after paper chromatography and was verified by recrystallization. A second lot of this compound (No. 568-270) appeared to be more than 98% pure after chromatography in the system A, as the scanning of the paper after chromatography only demonstrated a single radioactive peak with the same Rf as nonradioactive dihydrotestosterone. However, after studying the MCR in five subjects (three men and two women) and obtaining results far higher than those found previously, the purity of this compound was examined by recrystallization and was found to be only 60%.' Subsequently, dihydrotestosterone-1,2-8H was always purified by chromatography in the systems A and B, and the purity verified by recrystallization was over 98%.
Chromatographic systems
The following systems were used: Radioactivity on paper and thin-layer plates was detected by scanning with a windowless flow counter (Packard radiochromatogram scanner, model 7200; Packard Instrument Co., Inc., Downers Grove, Ill.). The radioactivity was measured in a Packard Tri-Carb liquid scintillation spectrometer, model 3003, at a tritium and carbon-14 efficiencies of 38% and 60%, respectively. 16% of the 14C was counted in the tritium channel.
Plasma concentration of nonradioactive testosterone and dihydrotestosterone
The concentration of these steroids was measured by the double isotopic dilution method (6) (7) (8) .
Infusions. In all subjects but pregnant women the studies were commenced between 8 and 9 a.m. The subject had been lying down for 40-60 min before commencing the test. A blood sample was taken to measure the plasma testosterone and dihydrotestosterone concentration. The priming dose (about a quarter of the total dose of each isotope) was then injected. 20 min later, an i.v. infusion of testosterone-4C and dihydrotestosterone-8H was continued and run at a constant rate for 220 min. 30-40 ml samples of blood were taken at 130, 160, 190, and 220 min after starting the infusion. The subject voided urine 120 min after starting the infusion and once again at the end of the infusion. The urine formed between the 120th and 220th min was collected.
In the pregnant women, the infusion was commenced between 5 and In three normal males in addition to the infusion of testosterone-Y4C and dihydrotestosterone--H another study comprising testosterone-m4C and androstenedione-8H was made a few days later. The protocol of this second study was identical to the first. Analyses of the plasma. 200 ,ug of testosterone, androstenedione, and dihydrotestosterone were added to each sample of plasma. The plasma was extracted three times with 2 vol of ether. The extracts were then chromatographed in the A system. Testosterone and androstenedione (dihydrotestosterone had the same Rf as androstenedione in this system) were located using a 254 nm ultraviolet light and eluted separately. The dried extracts containing testosterone and the complex androstenedione + dihydrotestosterone were rechromatographed in the B system for 2 hr. In this system, dihydrotestosterone is well separated from androstenedione and etiocholanolone. The testosterone, dihydrotestosterone, and androstenedione spots were eluted separately and the solvent evaporated. The sample containing androstenedione was dissolved in a mixture of pyridine: acetic anhydride (1: 1) and kept at room temperature overnight. The solvent was evaporated and the dry extracts, as well as those of the testosterone and the dihydrotestosterone were chromatographed separately on silical gel TLC in the C system. Each compound was eluted sepa-rately. A portion was used to calculate the yield by gasliquid chromatography, the remainder used to measure the radioactivity.
Analysis of the urine. After the addition of 200 1g of testosterone, androstenedione, and dihydrotestosterone, the urine was extracted three times with 2 vol of ether. The pooled ether extracts were washed twice with 1/10 of their volume of 0.1 N HCl. The samples were then chromatographed in systems A and B as for the plasma. The dried extracts of testosterone, androstenedione, and dihydrotestosterone were then dissolved in 1 ml of a pyridine: acetic anhydride mixture (1: 1) and kept at room temperature overnight. The solvents were evaporated and the dried extracts purified by bidimensional TCL in systems D and E. The testosterone acetate, dihydrotestosterone acetate, and androstenedione were eluted, and after evaporating the solvent, the residue was saponified with 0.5 ml 0.4 M KOH in methanol. Finally the samples were chromatographed in system C. After elution a portion was taken to calculate the yield and the remainder to count the radioactivity.
Measurement of the binding of testosterone and dihydrotestosterone to the plasma proteins
The percentage binding of testosterone and dihydrotestosterone to plasma proteins was measured by equilibrium dialysis, using the method described by Forest, Rivarola, and Migeon (9) . The values obtained were not corrected for the 1: 5 dilution of the plasma.
Definitions
The conversion ratio is the ratio between the plasma concentration of the radioactive product and the precursor injected, after a constant infusion of the precursor (10, 11) . The transfer constant is the percentage of the precursor converted to product in the peripheral blood (10, 11) . The conversion ratio of testosterone into androstenedione is represented by A-14C/T-"4C and that of testosterone into dihydrotestosterone by DHT-14C/T-14C.
The transfer constant of testosterone into dihydrotestosterone is: (P) BBTDT = (MCRDHT/MCRT) X (DHT_24C/ T-"C).
RESULTS
MCR of testosterone and dihydrotestosterone. In normal subjects equilibrium was reached 120 min after starting the infusion, both for the injected percursors and their metabolites. In pregnancy it appeared that this equilibrium was reached after 140 minutes of continuous infusion. (Table I ). However, it is possible that the foetoplacental unit between 8 and 11 wks of pregnancy represents a small compartment in comparison to that of the mother. Thence, even if the foetoplacental unit was not in equilibrium with the maternal compartment, the variations in plasma radioactivity would be very small.
In man the MCRT was greater than the MCRDHT (P < 0.01). In normal females, both the MCRT and the MCRDHT are significantly less than the respective values in men (P < 0.001), although as in men the MCRT was greater than the MCRDHT (P < 0.01). The values for MCRT and MCRD`T in males and MCRT in females are similar to those reported by others (12) (13) (14) , but the MCRDHT in women was a little higher than that found by Mahoudeau, Bardin, and Lipsett (13).
During pregnancy both the MCR-and MCRD`T were much lower than in normal women (Table I) (P < 0.01 and P < 0.001, respectively). In hyperthyroid females the MCRT and MCRDHT (Table I) were similar to the values observed in pregnancy and significantly less than in normal women (P < 0.01 and P < 0.001).
In the patient with testicular feminization syndrome and hyperthyroidism (subject 26) the MCRT and MCRDHT were similar to the women with hyperthyroidism. In the two children with testicular feminization syndrome the MCRT and MCRD`T were both low. However, the MCRT observed 'in these two children was similar to that found in normal children before puberty (unpublished data). The treatment of one of these patients with diethylstilbestrol for 15 days did not modify the MCRs.
In all the subjects, except one man, the MCRT was greater than the MCRDHT, and in all of them these two clearance rates were significantly correlated (Fig. 1 ).
Conversion ratios and transfer constant (p) BBDHT (Table II) . In men and in women the mean conversion ratios of testosterone into androstenedione were similar to those of testosterone into dihydrotestosterone.
However, the two conversion ratios in men were significantly higher than in women (P < 0.001).
During pregnancy the conversion ratio of testosterone into androstenedione tends to increase and that of testosterone into dihydrotestosterone to decrease, but the values were not significantly different from those observed in the normal females. In the women with hyperthyroidism the mean conversion ratios for testosterone into androstenedione were significantly less than in both pregnant and nonpregnant women (P < 0.01). On the other hand, the conversion ratio of testosterone into dihydrotestosterone in hyperthyroidism was greater than in the normal, and pregnant women (P < 0.05 and P < 0.01).
In the three patients with testicular feminization syndrome the conversion ratio of testosterone into androstenedione was low and similar to the hyperthyroid females, although the conversion ratio of testosterone into dihydrotestosterone was in the range for normal males. In patient number 28, treatment with estrogens caused an increase in the conversion ratio of testosterone into androstenedione and a reduction of that for testosterone into dihydrotestosterone.
In the eight normal males average value for (P) BB'D-T was significantly higher than that found in females (P < 0.001). The values reported by Mahoudeau et al. (13) experiments, the precise comparison with these authors' data is difficult. In pregnant women the (p)BBaTDHT is significantly less than in nonpregnant women (P < 0.01). In the hyperthyroid females the (P) BBTDET values were varied, but the mean was greater than that measured during pregnancy (P < 0.05), despite the MCRT and MCRDHT being similar. There appeared to be a relation between the increase of the (P)BBTDHT and the severity of the hyperthyroidism. The patients (subjects 23 and 24) with very high transfer constants had severe hyperthyroidism (Table I ). In the three patients with testicular feminization syndrome the value for the transfer constant was within the limits for normal men. In patient number 28, the treatment with estrogen reduced the transfer constant by 37% despite the unchanged MCRT and MCRDM.
Transfer constant of androstenedione to dihydrotestosterone. As indicated in the Methods section, three normal men were studied twice. The first test involved an infusion of T-14C and DHT-'H. In the second test A-8H (between 250,000 and 290,000 cpm/min) and T-"C were infused constantly for 220 min. The results of these two studies are summarized in Table III three men the MCRT and the conversion ratio of testosterone into dihydrotestosterone DHT-14C/T-"C in the two studies were similar. As a consequence we assumed that the other parameters which were calculated in one experiment alone would be similar in the other. The direct transfer constant for androstenedione to dihydrotestosterone ((P) BBADHTX100 direct) was calculated from the formula (MCRDHT/MCRA) X (DHT-5H/A-5H), where the MCRDHT was calculated at the time of the first experiment and the MCRA and DHT-2H/A-'H in the second experiment. The indirect transfer constant for androstenedione into dihydrotestosterone ((P)BBADET X 100 indirect) was obtained by multiplying the (P)BBAT obtained in the second study by the (P)BBTDHT obtained in the first study. The direct transfer constant in these three subjects was 0.25, 0.39, and 0.32, but the indirect transfer constant was only one-third as large. These results suggest that about 60% of the androstenedione, which is converted into dihydrotestosterone, does not pass through the plasma testosterone pool. Horton testosterone is only twice the concentration of dihydrotestosterone (Table IV) . The concentration of dihydrotestosterone in males is significantly higher than in females (P < 10-'). The mean blood production rate of dihydrotestosterone in men was 0.39±0.10 mg/day and in women 0.057±0.028 mg/day, values which are close to those reported by Ito and Horton (12) . In men about one-half the dihydrotestosterone production comes from testosterone, but in women only 10% comes from this source. During the first 3 months of pregnancy the average plasma concentrations of testosterone and dihydrotestosterone are significantly higher than those found in nonpregnant women (P < 0.01 and P <0.001). However, the blood production rates of these two steroids in pregnant women are similar to those of normal women (Table IV) . As in normal women, less than 10% of the dihydrotestosterone is derived from testosterone during pregnancy.
Renal clearance of radioactive androstenedione, testosterone, and dihydrotestosterone. The values for renal clearance given in Table V are approximate, as the bladder was emptied spontaneously at the 120th min and the 220th min. However, for a given subject, the error in the estimation of the true renal clearance will be similar for the three steroids. On the other hand, this error might explain the variation in the results we obtained.
During the infusion of T--"C and DHT-8H, the renal clearance of androstenedione in men and women was similar (Table V) . But the renal clearance of testosterone and dihydrotestosterone ("C and 'H) was greater in males. In both sexes the renal clearance of DHT--"C is several times greater than that of DHT-'H. These results enable it to be' estimated that a high proportion (about 95% in males and 80% in females) of the Metabolism of Dihydrotestosterone in Humans urinary dihydrotestosterone is derived from precursors other than the plasma dihydrotestosterone. During the constant infusion of A-3H and T-14C, the renal clearance of A-8H was much less than A-"C and that of T-3H greater than T-"C. These results enable it to be calculated that only 8% of the urinary androstenedione is immediately derived from the plasma androstenedione, but about 20% of the urinary testosterone comes directly from the plasma testosterone. Furthermore, these results suggest that during the passage of androstenedione and testosterone through the kidney, oxidative pathways are more active than reduction.
Percentage binding of testosterone and dihydrotestosterone. The percentage binding of testosterone to plasma proteins in 30 normal adult men was 93.05 ±+1.25% and for dihydrotestosterone 97.43+0.30%; the difference is significant (P < 0.0001).3 The corresponding values in 32 normal women were 95.95 ±1.26% for testosterone and 98.71±0.19% for dihydrotestosterone which differ significantly (P < 0.001). The mean percentage binding of testosterone and dihydrotestosterone in men was less than in women (P < 0.001 and P < 0.0001, respectively). In 34 normal children of both sexes the mean percentage binding of testosterone was 97.08±0.7% and that of dihydrotestosterone 98.96±0.24%, the values found in the boys were similar to those in girls. These values are significantly different from those observed in normal men and women.
In the five pregnant women in our study the mean percentage binding of testosterone and dihydrotestosterone were 98.40±0.20 and 99.28±0.19, respectively, which are significantly higher than in normal females (P < 0.001 and P < 0.01).
In the patient with testicular feminization syndrome, (subject 26) (16) . Thus the MCRs of testosterone, estradiol, and cortisol, steroids that are strongly bound to plasma proteins, are lower than the MCRs of androstenedione, estrone, and cortisone which have a weaker binding to plasma proteins (11, 14, 17) . The circulating testosterone 'Forest, M. G., and J. Bertrand. 1972 . Studies of the protein binding of dihydrotestosterone in human plasma. Steroids. 19. in the plasma is bound to a specific P-globulin (TeBG, testosterone-estradiol binding protein) (18, 19) . The percentage of testosterone bound to plasma proteins is less in men than in women (9, 20) ; during pregnancy and in hyperthyroidism it is still higher than in nonpregnant women (21, 22) . On the other hand, the MCRT is less in women than in men (14) and the values observed in hyperthyroidism and patients treated with estrogens are lower still than in normal women (14, 23, 24, 25) . Our results for MCRT in the normal subjects and in women with hyperthyroidism are similar to those previously published (14, 26 Our values for Av14C/T-"C in males are higher than in females and a little less than those published by Longcope, Kato, and Horton (14) and Gordon, Southren, Tochimoto, Rand, and Olivo (26), but not significantly less. The values for DHT-14C/T-14C in normal subjects published by Ito and Horton (12) showed, as did our results, a significant difference between the values in males 0.09±0.027 and in females 0.051+0.021, but these were about twice as high as our observations. In females with hyperthyroidism the DHT-"C/T-"C ratio is increased, but in pregnancy the opposite was observed. Though in both pregnancy and hyperthyroidism, the MCRDH/MCR is similar, the (P)BBTDHT in hyperthyroidism is significantly greater than in pregnancy. These results show that variations of the (p) BBT do not always follow the variations of the TeBG level. The thyroid hormones and estrogens have a similar effect on the TeBG (21, 25, 27) , but an opposite effect on the 5a-reductase. Thyroid hormones increase the 5a-reductase activity (28); estrogens inhibit this enzyme (29 From our values of the direct (P)BBADT in males (Table III) the contribution of plasma androstenedione (30) to the production of dihydrotestosterone would be about 10 lAg/day (3.000 X 0.032). If it is accepted that in females the direct (P)BBE-"' is similar to that in males, the contribution of androstenedione to the production of dihydrotestosterone would also be 10 iLg/day which is about 20% of the total production. Here again our results are in disagreement with those of Mahoudeau et al. (13) who concluded that the contribution of plasma androstenedione to the production of dihydrotestosterone would be 60 /Ag/day, which is the total production. These authors did not measure the (P)BBADHT in normal females, but only in three males (2.6±0.9) and three hirsute females (2.2±0.6) from which they extrapolated the results for normal females. Their high values are surprising as the conversion of androstenedione into testosterone is 2.2±0.5% according to Longcope et al. (14) and 3.3±0.3% according to Bardin and Lipsett (31) . If one takes this latter value and the mean (P) BBTDHT given by Mahoudeau et al. (13) as 4%, the indirect (P)BB DHT (P)BBA-T X (P)BBTDHT = 4% X 3.3% -0.13% which is 15 times lower than the direct (P) BBDHT given by these authors. These results suggest that about 93% of the plasma androstenedione which is converted into dihydrotestosterone does not pass through the plasma testosterone pool; according to our results this figure would be about 60%.' 'During the purification of radioactive dihydrotestosterone in the plasma, we had considerable difficulty in separating it from etiocholanolone and isoandrosterone. The Rfs of these three steroids are very close in systems A and C and only in system B did we get a good separation. The Bush A2 and the Mahoudeau et al. I system (13) are very close to our A and C systems. It is possible that in these systems dihydrotestosterone was inadequately separated from etiocholanolone and isoandrosterone. The acetates of dihydrotestosterone, etiocholanolone, and isoandrosterone are more difficult to separate than the free compounds. A contamination of dihydrotestosterone with other metabolites of testosterone and androstenedione could partially explain the similar MCRDHT values found by Mahoudeau and ourselves and the discordance in the values for the (p) BBETDHT and (pD) EBDET Studies made in vivo and in vitro suggest that the conversion of testosterone into dihydrotestosterone by the target organs is reduced in the testicular feminization syndrome (32) (33) (34) (35) . In the three patients with this syndrome the over-all conversion of testosterone into dihydrotestosterone was within the limits for males. However, our study does not eliminate the possibility that in certain compartments the transformation of testosterone into dihydrotestosterone might be reduced, provided that these compartments are very small in relation to the whole body. It seems unlikely that a deficiency of 5a-reductase is responsible for the insensitivity to androgens found in patients with testicular feminization syndrome, for Strickland and French (36) and Rosenfield, Lawrence, Liao, and Landau (35) have shown there is also an insensitivity to dihydrotestosterone.
In normal persons estrogens increase the testosterone binding levels and decrease the 5a-reductase activity, while androgens have the opposite effect (20) . Patients with the testicular feminization syndrome can be considered as having an excess of estrogens, even though their production rate is normal, due to the absence of the antagonistic effect of androgens. As a consequence one can consider that the two main perturbations of metabolism that have been described in adults with the testicular feminization syndrome (increased testosterone binding levels and reduction of 5a-reductase activity) will be rather the consequence than the cause of the insensitivity to androgens.
ADDENDUM
After the submission of our article for publication Ito and Horton (37) published in detail their results on the metabolism of DHT in normal subjects (five males, four females). The MCRDHT, production of plasma DHT in both sexes, and the (P) BB DET in females are similar to our values, but the (P)BBTDIT in males was greater (3.9±1% compared with 2.8±0.3%o). Their values for the transfer constant of A into DHT in three females were 8, 15.7, and 16.3%. However, we recalculated their data and found the mean value was 10 times less than their calculation (1.33% instead of 13.3%). This is still 3-4 times greater than we found in normal males. This discord could be due to (p) BBIDHT differences in males and females, or because the DHT isolated during the perfusion of A was not pure.
